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The enhancement of the functional properties of materials at reduced dimensions is crucial for
continuous advancements in nanoelectronic applications. Here, we report that the scale reduction
leads to the emergence of an important functional property — ferroelectricity, challenging the
long-standing notion that ferroelectricity is inevitably suppressed at the scale of a few
nanometers. A combination of theoretical calculations, electrical measurements, and structural
analyses provides evidence of room-temperature ferroelectricity in strain-free epitaxial
nanometer-thick films of otherwise non-ferroelectric SrTiO3;. We show that electrically-induced
alignment of naturally existing polar nanoregions is responsible for the appearance of a stable net
ferroelectric polarization in these films. This finding can be useful for the development of low-
dimensional material systems with enhanced functional properties relevant to emerging

nanoelectronic devices.
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Low-dimensional ferroelectric structures hold a great potential for scientific and technological
endeavors (1). Reducing size while retaining ferroelectric properties enables an increase in the
storage capacity of non-volatile ferroelectric memories (2), exploration of diverse nanoelectronic
functions (3-7), and discovery of exotic physical phenomena (8, 9). However, maintaining the
ferroelectricity in low-dimensional structures, such as ultrathin films, has been hampered by
depolarization effects (10-12), which arise from the uncompensated charges at the interface. The
strong scaling effect seems to inevitably suppress ferroelectricity and its functions below a
critical dimension (10-13). A recent theoretical work suggested an intriguing concept for
reversibly enhancing ferroelectricity in ultrathin ferroelectric capacitors via the tailoring of
chemical bonds at the metal/oxide interface (14), but this mechanism has not yet been

experimentally confirmed.

Here, we demonstrate a different mechanism, which enables enhancement of
ferroelectricity as the thickness of the system is decreased. In our approach, we utilize naturally
existing polar nanoregions (PNRs), i.e., local nanometer-sized polar clusters, in an archetype
dielectric material with perovskite structure - SrTiO3;. PNRs are generally believed to arise from
local nanoscale inhomogeneities (e.g., chemical or structural disorder) (15, 16), which exist in
every material (17). For example, Sr vacancies are intrinsic point defects in SrTiO3 due to their
small formation energy (18, 19), comparable to that of oxygen vacancies, which are likely to act
as a natural source of PNRs (Fig. 1A) (20, 21). It has been previously shown (20) that relatively
thick (tens of nanometers) films of SrTiO3 exhibit relaxor behavior at low temperatures due to
the presence of the PNRs. Here, we demonstrate that electrically-induced alignment and
stabilization of PNRs in nanometer-thick SrTiO; films results in the emergence of net

ferroelectric polarization at room temperature.
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Calculations predict that when SrTiO; is deficient in Sr, antisite Ti defects could
instantaneously form and generate local dipole moments by an off-centering displacement (Fig.
1C) (22). Our first-principles density-functional theory (DFT) modeling (23) shows that the
energy gain due to this Ti off-centering is as large as ~0.5 eV, originating from structural
distortion driven by an ionic radii difference between Ti** (0.86 A) and Sr** (1.44 A). A local
polarization profile around the antisite Ti atom (Fig. 1D) indicates that the off-centered antisite
Ti atom induces a large local polarization in its residing unit cell and coherently polarizes the
surrounding region. The polarization switchability follows from a calculated energy barrier of
about 0.1 eV between the polarization states (Fig. 1E), comparable to a double-well potential
barrier in conventional ferroelectric materials (24). Thus, although pure bulk SrTiO3z is
centrosymmetric and nonpolar (25), the PNRs of nanometer characteristic size can naturally

form due to the intrinsic Sr deficiency in SrTiOs.

We have previously observed Sr deficiency and associated PNRs even in nominally
stoichiometric SrTiO3 bulk single crystals and films (20, 21). These small-sized PNRs, however,
do not necessarily generate ferroelectricity. When the film thickness t is much larger than the
average PNR size & (Fig. 1A), PNRs are isolated in an insulating matrix. The depolarization field
Eq in PNRs cannot be effectively screened, and thus destabilizes the polarization of PNRs. On
the other hand, as t is decreased, the PNRs can play a vital role in the emergence of
ferroelectricity (Fig. 1B). When t becomes comparable to or smaller than ¢ the electrical
boundary conditions for PNRs drastically change as their interfaces come in contact with
metallic electrodes and/or become exposed to surface adsorbates. The external charges screen the
Eq by compensating for the polarization charge, and thus can allow a switchable and stable

polarization in PNRs. Such dimensional engineering of polarization stability in PNRs would
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provide an unconventional way to create and enhance ferroelectricity at reduced dimensions,

distinct from methods such as strain (26-28) and interface (13, 14) engineering.

Phase-field simulations were used to model polarization in a representative PNR region
with a dimension of 7.5 nm embedded in the SrTiO3 film (23). The thickness of the SrTiO3 film
in the simulations was varied within the range of 64 unit cells (uc) (or 25 nm) to 8 uc (3.2 nm)
(23). External charges were introduced on the top and bottom SrTiOj3 interfaces, and the stability
of the PNR polarization after poling by an external electric field was investigated. After the
electric field was removed and the system was relaxed to equilibrium, the remnant polarization
was evaluated over the whole SrTiOj3 film (i.e., by the average over the volume). It was found
that a decrease in the SrTiO3 thickness not only results in a more stable polar state, but also
greatly enhances the remnant polarization of the system (Fig. 1F). This implies a possible

creation and enhancement of ferroelectricity at the reduced scale via the PNR-related mechanism.

We experimentally tested these theoretical predictions in strain-free (001) single crystal
SrTiO; films (23), grown on a (001) SrTiOsz substrate with a single crystal conductive oxide
SrRuO3 bottom electrode (29). Film thickness was atomically controlled in the range of 120 uc to
6 uc (fig. S1). The nominally stoichiometric films had a normal unit-cell volume, almost the
same as that of the substrate, indicating that the films were nearly free of excessive point defects
(fig. S2). Only minute amounts of Sr deficiency (~1 atomic % at most) were present, possibly
due to small formation energy (figs. S3 and S4) (18, 19). As mentioned above, Sr deficiency can
naturally generate PNRs (Figs. 1, C—E) without compromising crystalline quality of the film,
according to the theoretical calculations. Second harmonic generation and Raman spectroscopy
measurements provide further evidence of the PNR formation in our SrTiO3 films (20, 21) with a

nonpolar-to-polar transition at ~400 K (fig. S3).
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To directly visualize the PNRs in our films, we used aberration-corrected scanning
transmission electron microscopy (STEM) with high-angle annular-dark-field (HAADF) and
annular-bright-field (ABF) techniques (30, 31). We detected the atomic positions of Sr, Ti, and O
in the 12-uc-thick film from the ABF-STEM image (Fig. 2A) and the simultaneously obtained
HAADF-STEM image (23), which allowed us to determine the polar atomic displacements. The
magnitude of atomic displacements in polar regions (denoted by (i) in Fig. 2A) was as large as
~0.1 A (comparable with that of conventional ferroelectric BaTiO3 (24)), but was negligible in
other regions (denoted by (ii) in Fig. 2A). The measured magnitude of atomic displacements is
comparable to the calculated average magnitude (~0.06 A) of atomic displacements in our
theoretical model (Fig. 1C). Polarization maps obtained from the Ti and O displacements (23)
indicate the presence of PNRs with a size of a few nanometers, whereas no clear polarization
pattern is observed in the SrRuO; region (Fig. 2B). PNRs have a downward polarization state in
the as-grown film, consistent with ferroelectric domain measurements by piezo-force microscopy
(PFM) (fig. S6). Following the theoretical modeling and calculations (Fig. 1, B and F), these
PNRs may enable ferroelectricity in ultrathin SrTiO3 films, although they cannot generate a

macroscopic net polarization in bulk or thick films.

Using a PFM approach, we found that the stable and switchable polarization could indeed
be realized at room temperature in ultrathin SrTiO3 films (Fig. 3) (23). Bipolar domain patterns,
similar to those generated in conventional ferroelectric BaTiO3 films (5, 32), have been created
in the SrTiO3 films with a thickness of less than 60 uc by scanning the film surface with an
electrically-biased PFM tip. Bulk-like 120-uc-thick SrTiO3 film did not show any PFM contrast
after poling, consistent with the notion that PNRs are effective only in the thinnest films. The

stability of the written domain patterns was thickness-dependent: whereas the PFM contrast
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disappeared within a few minutes in the 60-uc-thick film, the bipolar domain patterns were
distinct and stable for several hours or more in thinner films (e.g., 12-uc-thick film) that
exhibited a polarization stability as good as that of ferroelectric 12-uc-thick BaTiO3 films (fig.
S8). The PFM result demonstrates that the switchable and stable polarization, which is the
signature of ferroelectricity, emerges at room temperature in ultrathin films of otherwise non-

ferroelectric SrTiOs.

Further evidence for room-temperature ferroelectricity in ultrathin SrTiO3z films was
obtained directly from polarization hysteresis (P—E) loops. The 24-uc-thick SrTiOj3 films showed
a clear polarization hysteresis with nonzero remnant polarization, whereas bulk-like 120-uc-thick
SrTiO3 films showed no hysteresis with a paraelectric-like behavior (Fig. 4A). The measured P—
E curves included a strong nonlinear dielectric contribution. To eliminate this response and to
enable a more accurate measurement, we used the double-wave method (33), giving a switched
polarization AP = P* — P~ of ~1.4 nC/cm? for the 24-uc-thick SrTiOs films, but AP ~ 0 for the
120-uc-thick films (Fig. 4B). Considering the low density of PNRs in our films, the measured AP
value seems reasonable, but we believe that it can be increased by interfacial engineering for
more efficient charge compensation (13, 14). Our PFM and hysteresis measurements
unambiguously confirm room-temperature ferroelectricity in ultrathin SrTiO; films as well as the
enhancement of ferroelectricity at the nanoscale range in agreement with the theoretical

predictions (Fig. 1).

This study demonstrates that size reduction does not necessarily lead to the deterioration
of ferroelectric properties, but in fact could enhance them. Although this mechanism might be
limited to the ferroelectrics with a relatively low value of polarization and relaxors, it provides a

path toward devices with reduced dimensions where ferroelectricity is coupled to other
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functional properties, such as two-dimensional conductivity (34), superconductivity (35), and
magnetism (36). In particular, we envision non-volatile devices with ferroelectric polarization
controlling interfacial carrier concentrations. Not limited to SrTiOs, our approach can be applied
to other perovskite dielectrics (37) in which PNRs are controlled by defect engineering, as well

as artificially layered superlattices (38, 39), where PNRs can influence multiple interfaces.
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Fig. 1. Theoretical calculations showing the emergence of ferroelectricity in ultrathin films
of otherwise non-ferroelectric SrTiOs. (A and B) Dimensional engineering of the polarization
(P) stability in PNRs: schematics of PNRs and their P in thick SrTiOs (A) and ultrathin SrTiO3

(B). Blue and white arrows indicate P and Eg, respectively. (C) Calculated atomic structure near
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the off-center antisite Ti atom, which induces P along the [001] (or its equivalent) direction. (D)
Profile of local P around the antisite Ti atom in a 3x3x3 supercell obtained from DFT

calculations. (E) Calculated energy barrier between the polarization states. Polarization
switching from [001] to [001] direction can be achieved via the metastable polarization states
with [101] and [101] directions. (F) Remnant polarization of the model system, where a single

spherical PNR is embedded in SrTiO3; with a thickness t, obtained by phase-field simulations.

The lateral dimension of SrTiO3z was fixed as 64 ucx64 uc. For details see (23).
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Fig. 2. Atomic-scale imaging of polar nanoregions. (A) Filtered ABF-STEM image, including
all atomic positions. The (i) and (ii) regions are examples of polar and nonpolar regions,
respectively, and are enlarged for clear view (insets). They are schematically drawn on the right;
oti (00) denotes the atomic displacement of Ti (O). (B) Polarization vectors for each unit cell,
estimated from atomic displacements in A. Arrows denote the polarization direction; the stronger
polarization, the darker the arrow color. Strength of polarization is also expressed as a color map,

ranging from white (weak) to red (strong).
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Fig. 3. Visualization of electrically-written polarization states in strain-free SrTiO; films of
different thicknesses by PFM. Bipolar domain patterns of 12-uc-thick (A and B) and 60-uc-
thick (C and D) SrTiOg3 films. The upward polarization in C and D spontaneously relaxes within
several minutes. The downward polarization in C and D is characterized by a weaker amplitude
PFM signal. Note that 24-uc- and 6-uc-thick SrTiO3 films also show a bipolar domain pattern
with clear contrast (23). (E and F) The thickest SrTiO3 film of 120 uc does not exhibit any
contrast after domain writing. The PFM amplitude signal is weak, which is consistent with the

nonpolar nature of the bulk-like SrTiO3 films.
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Fig. 4. Polarization hysteresis in ultrathin SrTiO; films. (A) Polarization versus electric field
curves measured at room temperature for 24-uc- and 120-uc-thick SrTiO; films. We performed
hysteresis measurements at the frequency of 20 kHz. (B) The polarization hysteresis of 24-uc-
and 120-uc-thick SrTiO3 films at room temperature, measured using the double-wave method
with a triangular ac electric field of 10 kHz (see inset for schematic of applied waveform). We
obtained the pure hysteresis component by subtracting the non-hysteresis polarization (up (U)

and down (D) runs) from the total (positive (P) and negative (N) runs).
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Materials and Methods
Thin film fabrication

Strain-free SrTiOj3 epitaxial thin films were grown on (001) SrTiO3 substrate using
the pulsed laser deposition (PLD) method. Before deposition, low miscut (< 0.05°)
SrTiO3 substrates were treated with a buffered hydrofluoric acid etch and annealed in
oxygen at 1050 °C for 6 hours to create atomically smooth single TiO, terminated
surfaces with unit cell steps. A SrRuOs layer with a thickness of 10-15 nm was deposited
as a bottom electrode on the SrTiO3 substrate. A KrF excimer laser (248 nm) beam was
focused on stoichiometric SfRuO3 ceramic and SrTiOj3 single-crystal targets to an energy
density of ~2.0 J/cm? and pulsed at 3-5 Hz. SrTiO; films were grown at a substrate
temperature of 750 °C and oxygen partial pressures of 10 mTorr. The PLD system was
equipped with high-pressure reflection high-energy electron diffraction (RHEED), which
enabled atomic layer controlled growth and in-situ monitoring during the growth (Fig.
S1). The film thickness of SrTiO3 was controlled from 120 uc to 6 uc, where 1 uc
corresponds to 0.3905 nm. After growth, the films were annealed in 1 atmosphere of
oxygen during cooling. For the measurements of polarization—electric field (P-E) curves
and PFM hysteresis loops, we used the additional STRuO; layer as the top electrode. The
top SrRuO; electrode was patterned by photolithography and ion-milling, with the
dimensions of 50 um in diameter and ~10 nm in thickness for P-E curve measurements
(or 5 pm in diameter and ~2.5 nm in thickness for PFM hysteresis loop measurements).
The crystal structure of the films was determined using a high-resolution four-circle XRD
machine (Bruker D8 advance; Fig. S2A). The XRD peak position of the SrTiOz film was
almost identical with that of the SrTiO3 substrate, indicating that our SrTiO3 film had a
normal unit-cell volume (with a small expansion of < 0.1 %) and was free of excessive
point defects. Considering the small lattice expansion, the amount of Sr deficiency in our
films was expected to be at most ~1 atomic %, according to the literature (40). Film
surfaces were imaged by AFM (Fig. S2B). Strain-free SrTiO3 films were also grown as
control samples using a hybrid molecular beam epitaxy (MBE) method (41), which was
chosen for its ability to control the chemical stoichiometry of the film. This hybrid MBE
approach, which combines chemical beam epitaxy and solid source MBE, is capable of
growing oxide films with precise stoichiometry and atomic layer control. We used an
effusion cell for Sr, an rf plasma source for oxygen, and a metal-organic source, titanium
tetraisopropoxide [Ti(OCsH7), or TTIP], for Ti. Growth conditions and excellent
crystalline quality of the hybrid MBE-grown SrTiO3 films have already been shown in
detail elsewhere (41).

Raman spectroscopy measurements

Raman spectra were recorded using a Horiba Jobin Yvon T64000 triple
spectrometer equipped with a liquid-nitrogen-cooled multichannel charge-coupled device
detector. Spectra were recorded in backscattering geometry in the temperature range of
10-400 K, using a variable temperature closed cycle He cryostat. For excitation, the 325
nm He—Cd laser line was used with a power density of 0.5 W/mm? at the sample surface,
which was low enough to avoid any noticeable local heating. Our data show the first-
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order Raman peaks of SrTiOj3 films, denoted by the vertical dashed-dotted lines in Fig.
S3A. These peaks should be forbidden in ideal paraelectric (centrosymmetric) SrTiOg,
and their appearance in spectra indicates that the inversion symmetry is broken, i.e., the
material is polar. Note that these clear Raman peaks appear only when SrTiOg3 is Sr-
deficient (21). We also measured Raman spectra for the hybrid MBE-grown SrTiO;
films, which were believed to be as stoichiometric as possible. As shown in Fig. S3B, the
first-order Raman peaks (denoted by dashed-dotted lines) still appeared in the hybrid
MBE-grown film at low temperatures (< 100 K), similar to the SrTiO3z bulk single
crystals (20), while those became significantly weakened compared to the PLD-grown
SrTiO3z film. This result indicates that there is usually a small Sr deficiency (and
associated PNRs), even in nominally stoichiometric SrTiO3 films and single crystals.

We integrated the intensity of the first-order Raman peaks, from which we
determined the nonpolar-to-polar transition temperature (Fig. S3C). We found that the
first-order Raman peaks (i.e., the polar feature) persisted up to ~400 K in the PLD-grown
SrTiOs film (20, 21), indicating the emergence of room-temperature ferroelectricity in
ultrathin SrTiO3z. On the other hand, in the hybrid MBE-grown SrTiOg3 film, the first-
order Raman peaks almost disappeared at room temperature. As a result, the MBE-grown
film did not reveal room-temperature ferroelectricity (Fig. S3D). These Raman
spectroscopy results emphasize the possibility of tuning ferroelectricity via Sr
stoichiometry in SrTiOj3 (especially at the ultrathin limit), as well as the intrinsic nature of
Sr deficiency and associated PNRs.

Atomic-scale imaging of polarization pattern by STEM

Samples for STEM observation were prepared by mechanical grinding to a thickness
of 80 um, dimpling to a thickness of less than 10 um, and ion-beam thinning for electron
transparency. HAADF- and ABF-STEM images were taken in a STEM (JEM-2100F,
JEOL, Japan) at 200 kV with a spherical aberration corrector (CEOS GmbH, Germany).
The optimum size of the electron probe was 0.9 A. The collection semi angles of the
HAADF and ABF detectors ranged from 90 to 220 mrad and from 10 to 20 mrad,
respectively. The obtained raw images were band-pass filtered to reduce background
noise. Since the contrast difference between Sr and Ti (or Ru) atoms in the ABF-STEM
image was insignificant, both HAADF- and ABF-STEM images were necessary in order
to find all kinds of atomic positions. The positions of each atomic column in the STEM
image were extracted by PPA (HREM Research Inc., Japan). The standard position of
each unit cell was calculated from 4 neighboring Sr-atomic columns. From the obtained
standard position, the positive charge position was defined by Ti-atomic columns in
SrTiO3z and Ru-atomic columns in SrRuQOg3; the negative charge position was calculated
by averaging the 4 oxygen atomic columns; and finally, polarization vectors from all unit
cells were plotted from the negative charge center to the positve charge center. By
considering the positive and negative charge positions, atomic polarization P can be
simply calculated using the following equation:

P :\%Zdzi :\%(é}izﬂ +36,Z,) (51)
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where Z; is the effective charge of i atom, d; is the displacement length of i atom from the
standard position obtained from Sr atoms, and V is the unit cell volume (42). Polarization
was calculated under the assumption that the displacement of invisible oxygen atoms
along Ti-O atomic columns behaves identically to the other visible oxygen atoms in each
unit cell. All the atomic position calculation and polarization vector plots were performed
using the hand-made scripts based on MATLAB.

First-principles DFT calculations

We used the generalized gradient approximation (GGA) + U method. The Perdew-
Burke-Ernzerhof (PBE) functional (43) is one of the most widely used functionals (22);
however, it is known to slightly overestimate the lattice constant and bond length of
solids. We chose the PBE for solids (known as PBEsol) functional, instead of PBE, to
improve our calculations (44). We used a 3x3x3 supercell containing 135 atoms. We
chose Ti?* and Sr** oxides as a reference state for our calculations of defect formation
energy, since the antisite Ti atom has the +2 chemical valence. For barrier calculations,
we considered only the transition state that is a linear mixture of initial and end states.

In order to find an energetically stable atomic structure, we considered three
different local configurations for the antisite Ti atom: that is, Tioc:.001, Tioc:011, and
Tioc111 configurations, which were defined as the off-centered antisite Ti atom (Tioc)
along the [001], [011], and [111] crystalline directions, respectively. It was found that the
energy gain from this Ti off-centering could be as large as ~0.5 eV, possibly originating
from the structural distortion driven by ionic radii differences between Ti** (0.86 A) and
Sr®* (1.44 A). Our result showed that the Tioc.001 configuration is energetically favored
(by ~0.1 eV) compared to the Tioco1z configuration. We found that the Tioca1:
configuration was neither stable nor insulating. Importantly, the defect binding energy
(4E) between Sr vacancy (Vs,) and antisite Ti (Tis;) was negative, i.e., 4E = AH; (Vs +
Tis) — 4H: (Vs) — 4H; (Tis) < 0, indicating that the antisite Ti defect forms
instantaneously in the presence of Vs, independent of growth conditions. The formation
energy of Tipc was estimated to be ~1.33 eV in bulk SrTiOz; however, the formation
energy of Tipoc can be reduced in thin films, which greatly enhances the resulting
concentration of Tioc. (i) First, our calculations for the SrTiO3z (10 uc)/SrRuO3 (5 uc)
heterostructure, which more properly reflects the real case of thin films, revealed that the
formation energy of Tioc is reduced by ~0.7 eV (on the surface or in the middle of the
SrTiO3 layer) and ~1.6 eV (at the SrTiO3/SrRuOs interface), compared to that in SrTiO3
bulk (Fig. S4A). The octahedral rotation and tilt in SrRuO3 were explicitly taken into

account using a v2xv2x2 pseudo-cubic lattice with the in-plane lattice constant fixed to

the experimental lattice constant of SrTiOsz. All other parameters were explicitly relaxed.
Considering the layer-by-layer growth process (schematically drawn in Fig. S4B), the
formation energy of Tioc would follow these reduced values rather than the bulk value.
(i) Thin-film growth is a non-equilibrium Kkinetic process. Such a non-equilibrium
growth condition can lead to a higher number of defects in thin films than in bulk (45).
(iii) Point defects tend to agglomerate and form clusters. Such clustering can increase the
local concentration of Tigc.
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For the Tioc.001 configuration, it was found that the antisite Ti atom had a large off-
centering of around 0.8 A. Energy barriers have been calculated as 102 meV and 8 meV
for the switching of Tioc;ooj_ — Tioc:on1 and TiOC:Oll — Tioc:001, respectively (Flg lE),
which are comparable to the energy barrier of ~100 meV in conventional ferroelectric
PbTiO3 (24) On the other hand, for the direct SWitChing of Tioc:oo1 — Tioc:00-1, the
calculated energy barrier is 501 meV, which is rather large for the polarization switching.

The total dipole moment of the supercell is calculated with the formula below:
0
p= > (5-dn) (s2)

all atoms

where op/or denotes the born effective charge (known as Z*, varied by atom), which is
calculated using the density functional perturbation theory (46, 47), and dr is the
displacement of the atom from the position of polarization-free bulk SrTiOs;. The
calculated local polarization profile (Fig. 1D) shows that the antisite Ti atom not only
induces a local polarization as large as 55 uC/cm? in its residing unit cell, but also causes
other surrounding cells to be coherently polarized. The overall average P of the supercell
is estimated as ~17 uC/cm?. The contribution of the dipole moment from the unit cell of
the antisite Ti atom is only 12.1 % (or 12.8%) of the total 16.96 (or 14.85) e-A for the
Tioc.001 (Or Tioc:011) configuration. In other words, despite the large off-centering of the
antisite Ti atom (as large as 0.8 A), its localized dipole moment is not very large, due to
its low Born effective charge (1.57 for Ti%* compared to 7.02 for Ti** in the Tiocoor
configuration). Thus, the overall dipole moment is dominated by the induced dipole
moments, not merely by the off-centering of the antisite Ti atom itself.

Phase-field simulations

In our phase-field model, the temporal evolution of the three-dimensional
polarization field (P;, i = 1, 2, 3) is described by the time-dependent Ginzburg-Landau
(TDGL) equation:

REL_ | F (=123 (s3)
ot oP.(x,t
where x is the spatial position in the Cartesian coordinate system and L is the Kinetic
relaxation coefficient related to the domain wall mobility. The TDGL is solved
numerically using the semi-implicit Fourier spectral method (48). The total free energy F
in Eq. (S3) includes all the relevant energetic contributions as seen below:

F = I(fbulk + fgrad. + felas. + f )dV (84)
\

elec.

where fouik, fgrad, felas, and feec. are the bulk, gradient, elastic, and electrostatic
contributions, respectively. The phenomenological potential and parameters of SrTiO;
were taken from Li et al. (49). The potential of PNR has a similar form as that of SrTiO3,
except for the Landau-Devonshire coefficients, which were modified to make sure that
the spontaneous polarization of PNR is P; = 0.1 C/m? and P, = P; = 0 at room
temperature.




This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at Science,
published by the American Association for the Advancement of Science. Copyright restrictions may apply. doi: 10.1126/science.aaa6442

The discretized three dimensional simulation size was 64Axx64Axx64Ax, with a grid
spacing of Ax = 0.39 nm. The PNR with a diameter of 7.5 nm was placed in the center of
the SrTiOz bulk/film. For the bulk simulation (i.e., 64Ax), periodic boundary conditions
were imposed in all three directions. For the thin film simulations, periodic boundary
conditions were applied along the x; and x, axes. Along the xz direction, the system was
divided into three parts: air, thin film, and substrate. Thin film thicknesses were taken to
be 8AX, 12AX, 16AX, 24AX, 32Ax, and 48Ax. All the simulations were conducted under
strain-free boundary conditions (&;; = 0). For thin films, a mixed boundary condition was
applied as well, i.e., the displacement at the bottom of the substrate was assumed to be
zero, and the stress components along xs directions (ai3) were all zero on the top surface
of the thin film (50). Following Khachaturyan’s micro-elasticity theory (51), local stress
and strain were calculated from the mechanical equilibrium condition:

do; .

—=0, (,] =1 2,3 (S5)

OX;
where oj; are the stress tensor components. We chose a short-circuit electric boundary
condition for both bulk and thin film simulations (52). In order to consider the total
compensation of the surface charge, the electric potential of both the top surface and the
bottom of the thin film were set to zero. The system was first subjected to an electric field
of 5x10° V//m for 40,000 steps to reach equilibrium. Then the electric field was removed
and the system was relaxed to equilibrium (after 40,000 steps) in order to obtain the

remnant polarization of the system (Fig. 1F).

PFM measurements

Nanoscale polarization imaging and local switching spectroscopy were performed
using a resonant-enhanced piezoresponse force microscopy (MFP-3D, Asylum
Research). Conductive silicon cantilevers (PPP-EFM, Nanosensors) were used in this
study. Tip contact forces were calibrated by measuring the force-distance curves. Bipolar
domain patterns have been created in the SrTiO3 films with a thickness of less than 60 uc
by scanning the film surface with an electrically-biased PFM tip (Fig. 3 and Fig. S5).

The as-grown region of the ultrathin SrTiO3 films (denoted by (a) in Fig. S6) was
weakly polarized downward, which may have been due to the intrinsic contribution from
downward irreversible surface dipoles (53). As shown in Fig. S6, after the bipolar domain
pattern was electrically written (denoted by a blue dotted-line frame, i.e., the (b) region),
the center region (denoted by a yellow dotted-line frame, i.e., the (c) region) was scanned
with the electrically grounded tip under an incrementally increasing loading force. The
loading force was increased in the bottom-up direction (denoted by a black arrow) from
100 to 1000 nN. We found that the tip-induced strain gradient could reverse the
polarization state in our ultrathin SrTiOs film from upward to downward, without any
electrical bias, which can be explained by the intrinsic coupling between polarization and
strain gradient via flexoelectricity (32).

PFM hysteresis loops were obtained by measuring the PFM signal as a function of
the switching pulse amplitude (pulse duration was 25 ms) superimposed on an ac
modulation bias with an amplitude of 0.8 V., at 320 kHz. Significantly, we observed a

6
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clear PFM hysteresis loop in the ultrathin SrTiO3 capacitor as well as on the bare SrTiO;
film surface (Fig. S7A). From this result, we were able to exclude the electrostatic tip-
sample interaction effects for the observed PFM response, since electrostatic forces are
typically too small in the capacitor geometry. We also systematically explored how the
piezoresponse signal depends on a mechanical stress. Due to the coupling between
polarization and strain gradient known as the flexoelectric effect, the strain gradient can
break the equilibrium between the two polarization states in ferroelectrics and even
reverse the polarization state (32). An AFM tip can effectively generate a local strain
gradient and a downward flexoelectric field near the film surface, whose magnitude is
controlled by varying the tip loading force. Figure S7B shows the PFM hysteresis loops
of our ultrathin SrTiO3 film as a function of the loading force, clearly representing the
coupling between polarization and strain gradient: the increased loading force (from 20 to
500 nN) makes the piezoelectric loop much more asymmetric, which means that
downward polarization becomes more favored by the increased strain gradient.

We found that 12-uc-thick SrTiOs film has a stable polarization state that can be
sustained for at least several hours (Fig. S8). We examined the gradual decay of the PFM
signals (Fig. S8B) and found that the switched polarization states of 12-uc-thick SrTiO3
film could be stable for at least several hours, while those of 120-uc-thick SrTiO;
disappeared in a few seconds. The polarization relaxation usually follows the power-law

decay, P(t)oct™ , where a is the decay exponent. The smaller a value generally

corresponds to the higher stability of polarization. Referring to the « values, the stability
of polarization (a = 0.14) of 12-uc-thick strain-free SrTiO3 film seems as good as that («
= 0.12) of a conventional ferroelectric 12-uc-thick (001) BaTiO;3 film on SrRuO3/SrTiO;
substrate (with a compressive strain of 2.2%) and much better than that (« = 0.21) of a
50-nm-thick strained (001) SrTiOs film (with a compressive strain of 1.2%) on (110)
NdGaOs substrate (20).

We also explored the temperature dependence of the PFM response. Considering the
Raman spectroscopy data (Fig. S3C) and the intrinsic contribution from the downward
surface dipoles (53), we were able to roughly predict the double-well potential of
polarization states of ultrathin SrTiO3 films, as schematically drawn in Fig. S9A. From
the variable-temperature PFM measurements (Fig. S9B), we found that the upward
polarization state became unstable as the temperature was elevated above 350 K, while
the downward polarization state remained rather stable, in agreement with our prediction.
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Fig. S1. Film growth. (A) RHEED intensity oscillations during growth of SrRuOj; film
on SrTiO3z substrate and SrTiOz film on SrRuOs/SrTiO3 substrate. (B to D) Typical
RHEED patterns of the SrTiO3 substrate (B), SrRuOg3 layer on SrTiO3 (C), and SrTiO;
layer on SrRuO3/SrTiO3 (D).




This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at Science,
published by the American Association for the Advancement of Science. Copyright restrictions may apply. doi: 10.1126/science.aaa6442

A 3 )
- ~ o
3 N 8
-~ E e C?
S ™ Y
= (@) [
~ F > =
> f x n
B F n Measured
S ; — Simulated
E
E_ 1 " 1 " 1 " 1 " 1

44 45 46 47 48 49
20 (degree)

Fig. S2. Structural characterization. (A) Measured and simulated XRD 6-26 curves for
SrTiO3 film on SrRuO3/SrTiO3 substrate. The SrTiO3 and SrRuOs layers were 57-uc- and
~15-nm-thick, respectively. The peak position of the SrTiO3 film was almost identical
with that of the SrTiO; substrate. This indicates that our SrTiO3 film had a normal unit-
cell volume and was free of excessive point defects. (B) AFM image of the SrTiO3 film,
which shows the atomically smooth film surface.
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Fig. S3. Ferroelectricity in ultrathin SrTiO3 films by Sr deficiency and associated
PNRs. (A and B) Variable-temperature Raman spectra of SrTiOsz films on SrTiO;
substrate, grown using the PLD (A) and hybrid MBE method (B). The PLD-grown
SrTiO;3 film clearly shows the first-order phonon peaks, guided by the vertical dashed-
dotted lines, while the hybrid MBE-grown SrTiO3; film shows significantly weakened
first-order peaks. (C) Integrated intensity for the first-order Raman peaks in the PLD-
grown SrTiOs film as a function of temperature. The first-order Raman peaks were found
to persist up to ~400 K, although their intensity was reduced at high temperatures. From
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this temperature-dependent result, the nonpolar-to-polar transition temperature was
roughly estimated as ~400 K (20, 21). (D) The polarization hysteresis of 24-uc-thick
SrTiO; films was measured using the double-wave method with a triangular ac electric
field of 10 kHz (see inset for schematic of applied waveform). The pure hysteresis
component was obtained by subtracting the non-hysteresis polarization (up (U) and down
(D) runs) from the total (positive (P) and negative (N) runs). The PLD-grown SrTiO3 film
(24 uc) showed a ferroelectric feature with nonzero remnant polarization, while the
hybrid MBE-grown SrTiOs film (24 uc) showed no room-temperature ferroelectricity.

11
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Fig. S4. Formation of off-centered antisite Ti atoms (Tioc) in SrTiO3/SrRuO;
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Fig. S5. Electrically written bipolar domain pattern in SrTiO3 films. PFM phase
images of 6-uc-thick (A) and 24-uc-thick (B) SrTiOj3 films.
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Fig. S6. Mechanical switching of ferroelectric polarization. PFM phase (A) and
amplitude (B) image for the 3x3 um? area of 12-uc-thick SrTiO;z film. The images
include the as-grown (a), electrically written (b), and mechanically written (c) regions.
The as-grown region was weakly polarized downward, consistent with the STEM result

(Fig. 2).
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Fig. S7. PEM hysteresis loops. (A) PFM phase and amplitude hysteresis loops measured
for the 12-uc-thick SrTiO; film. (B) PFM phase and amplitude hysteresis loops measured
for the 12-uc-thick SrTiOj film, as a function of tip loading force.
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Fig. S8. Stability of polarization states, examined by PFM. (A) PFM phase images for
the 12-uc-thick SrTiOj3 film, measured just after the domain patterning (upper panel) and
2 hours later (lower panel). (B) PFM signal measured at room temperature, as a function
of time after poling the (12-uc- and 120-uc-thick) SrTiO3 and (12-uc-thick) BaTiOs3 films.
Solid lines are fit to the power-law decay, P(t) «ct™, where « is the decay exponent.

Referring to the « values, the stability of polarization (a = 0.14) of 12-uc-thick SrTiO;
film seemed as good as that (« = 0.12) of a conventional ferroelectric 12-uc-thick BaTiO3

film (with a compressive strain of 2.2%).
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Fig. S9. Variable-temperature PFM measurement. (A) Schematic drawing of the
predicted double-well potentials of polarization states in ultrathin SrTiO3 films, at the
elevated temperatures. (B) PFM phase images for the 12-uc-thick SrTiOj3 film, measured
at room temperature and at elevated temperatures.
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